Abstract⎯The solvothermal decomposition of a hybrid organic-inorganic material based on α-Со(ОН) 2 and sodium dodecyl sulfate has been studied in n-octanol at 190°C and the atmospheric pressure. It has been found that the process includes two stages: in the first stage, anhydrous CoCO 3 is formed, followed by its topochemical decomposition to form Co 3 O 4 . It has been found that products consist of rhombic-shaped particles about 250 nm in size.
One of the main problems of modern chemical technology is the production of materials which contain particles of given sizes and shapes and are distinguished by chemical and phase uniformity and reproduced structural-sensitive properties. Various approaches to the synthesis of metal oxide particles of various morphologies (spherical, tubular, cubic, needle, etc. [1] [2] [3] ) have been proposed including the solgel method [4] , spray pyrolysis [5] , and hydrothermal [1] or thermal decomposition of precursors of different nature [6] . Solvothermal decomposition in an organic medium, has a number of advantages; these consist in obtaining dispersed phases with determined structural, dimensional, and morphological characteristics by varying synthetic conditions (solvent nature, concentration and temperature regimes of process, etc.) [7] . Additional possibilities to regulate properties of the obtained oxide phase are provided by solvothermal synthesis using layered hydroxides of transition metals as precursors. These compounds have a hydrotalcite-like structure and consist of nonstoichiometric hydroxide layers, the excess positive charge of which is compensated by the intercalation of anions ( , , Cl -, etc.) and water molecules into the interlayer space [8] . Interlayer anions can easily be replaced with other anions or molecules, which allow one to increase the distance between hydroxide layers and create conditions to synthesize nanophases; that is, such a hybrid material can be considered as a nanoreactor [9] . By its solvothermal decomposition at relatively low temperatures (200-500°C), disperse metal or oxide particles can be obtained in one step. Recently, we described solvothermal synthesis of Co and CoO metal nanoparticles at 400°C and 1 atm [10] , whereas Co 3 O 4 particles were obtained in butanol-1 at 200°C and high pressure using the same precursor [11] .
The solvothermal decomposition of hybrid organic-inorganic material (α-Со(ОН) 2 @SDS) based on α-Со(ОН) 2 and sodium dodecyl sulfate (SDS) in n-octanol at 190°C and atmospheric pressure has been studied to synthesize Co 3 O 4 particles being homogeneous in composition and shape. Co 3 O 4 is an important magnetic semiconductor material of the p-type; it can be used as an anode of lithium-ion batteries, as electrochromic material, gas sensor, in data storage devices, etc. [1] [2] [3] [4] .
It is known that cobalt(II) hydroxide crystallizes in two polymorphs, namely, α-Со(ОН) 2 and β-Со(ОН) 2 . The most interesting for the synthesis of nanoscale Co 3 O 4 is α-Со(ОН) 2 , layered materials with a turbostratic structure and an interlayer distance of about 8 Å [8, 9] . This polymorph is metastable; therefore, it is difficult to prepare it by traditional methods, such as precipitation in an alkaline medium or ammonia. However, we have developed a method to synthesize this material by anion resin exchange precipitation using anion exchange resin AB-17-8 in the OH form as a precipitating agent [12, 13] . As we have shown [12, 13] , using anionite we can prepare the hydroxide under soft conditions without creating a strongly alka- † Deceased. line medium that promotes cobalt(II) to be oxidized to cobalt(III). In addition, the product has no impurity cations which the precipitating agent (NaOH or KOH) contain and anions from the solution of the starting salt. In addition, due to the constant reaction conditions and the stationary operation mode of the process, the product is homogeneous in composition and morphology.
EXPERIMENTAL
In the present work, reagents of the chemically pure and pure for analysis grades (Russian State Standards) were used without further purification.
Synthesis of a precursor. A sample of anion exchange resin AB-17-8 in the OH form (11 g) was added to a mixture of 25 mL solutions of Со(NO 3 ) 2 and NaC 12 H 25 SO 4 at room temperature and constant stirring for 1 h on a shaker (200 shakes per minute). The phases were separated by pouring successively through a sieve with a hole diameter of 0.25 mm (to separate the resin) and a blue tape filter (to separate the precipitate). The resulting pink precipitate was dried at 110°C.
Solvothermal decomposition of precursor. The precursor (1 g) was placed in a 250 mL thermostable flask. A predetermined volume of n-octanol was added to the flask, and the resulting mixture was heated under reflux at 190°C for a certain time. The precipitate was separated by centrifugation, washed with ethanol, and dried at 110°C.
X-ray powder diffraction of samples was carried out using a PANalytical X'Pert PRO PIXcel device, СuK α radiation, and wavelength 1.5405980 Å on a silicon single crystal in the range of 2θ angles 0° < 2θ < 80°; pulse accumulation time, 2 s. Phases were identified using the database of the Joint Committee on Powder Diffraction Standards, the International Centre for Diffraction Data [JCPDS-ICDD Database].
To perform the IR Fourier-transform spectroscopy studies using a Bruker Vector 22 device, the samples were compressed with spectrally pure KBr to form discs. Weighed portions of the test compoundand the matrix were constant; each spectrum was obtained as a result of 100 scans in the interval 450-4000 cm -1 with a resolution of 2 cm
Complex thermal analysis of the precipitates was carried out using a NETZSCH STA 449 C Jupiter simultaneous thermal analyzer, which combines simultaneous measurement of weight changes (thermogravimetry) and heat fluxes (differential scanning calorimetry) and is equipped with a NETZSCH QMS 403 C Aёolos quadrupole weight spectrometer to analyze gases released when heating the sample. We used a platinum/platinum-rhodium holder (a TG-DSC sensor of the S type) combined with Al 2 O 3 crucibles with punctured lids. The sample was heated from 40 to 1200°C at a rate of 10 K/min in a dynamic air atmosphere (gas flow rate, 30 mL/min).
Isopropanol was added to the samples to study them using a JEOL JEM-2100 transmission electron microscope. A drop of the suspension was applied to a thin carbon film obtained by vacuum deposition (a JEE-420 universal vacuum post) on a sodium chloride crystal. The film with the sample separated from the crystal using a water bath was transferred to a copper mesh with a diameter of 3 mm and dried at room temperature.
The X-ray absorption near edge structure (XANES) spectra of the CoL 3,2 edge and the OK edge absorption were recorded using the equipment of the Russian-German Laboratory of the BESSY-II Synchrotron Radiation Center (Helmholtz Zentrum Berlin, Germany) in the total electron yield (TEY) mode at room temperature with a scanning step of 0.05 eV. Vacuum in the analytical chamber was at least 10 -8 Pa; the diameter of the X-ray beam was 0.2 mm. The transmission of the monochromator was taken into account by normalizing the measured spectra to the spectrum (TEY) of gold foil.
RESULTS AND DISCUSSION Earlier we found [9] that, when α-Со(ОН) 2 is synthesized in the presence of sodium dodecyl sulfate, the interlayer distance of the product increases from 8 to 39 Å, which along with the results of IR spectroscopy (the presence of absorption bands in the 2853-2955 cm -1 which are characteristic of the stretching vibrations of the C-H groups in the alkyl chain of the dodecyl sulfate anion) proves the intercalation of an organic molecule into the hydroxide structure. In accordance with the data of elemental and differential thermal analyses, the composition of the precursor can be expressed by the formula Co(OH) 1.36 (CO 3 ) 0.08 (C 12 H 25 SO 4 ) 0.24 .
The resulting precursor was subjected to solvothermal decomposition in n-octanol (solid : liquid = 60-200) for a given time at 190°C in air at atmospheric pressure. The process conditions and composition of the resulting products are shown in Table 1 . For comparison, an experiment was carried out in which α-Со(ОН) 2 without SDS was used (Table 1, sample 5). According to the X-ray powder diffraction data (Fig. 2) , solvothermal decomposition of this sample carried out for 15 h was ineffective, since peaks of α-Со(ОН) 2 (JCPDS 2-925) and СоО(ОН) (JCPDS 7-169) are observed in the diffraction pattern and the content of the amorphous component is significant related to the starting precursor. According to its thermal analysis (Fig. 1a) carried out in an argon atmosphere, the destruction of the sample (removal of chemically bound water and carbonate ions) begins at a temperature higher than 240°C, whereas the maximum decomposition is 320°C. In the n-octanol medium, degradation begins at a lower temperature, namely at 190°C; first, crystallization water removes and starting amorphous α-Со(ОН) 2 crystallizes followed by the removal of interlayer water accompanied by oxidation of cobalt(II). However, these processes proceed only partially. The increase in the interlayer distance in the starting hydroxide as a result of the intercalation of the large dodecyl sulfate anion facilitates the thermal decomposition of Co(OH) 1 .36 (CO 3 ) 0.08 (C 12 H 25 SO 4 ) 0.24 in the organic solvent as compared to heating in an argon atmosphere (Fig. 1b) and the composition of the products formed is determined by its conditions, namely the volume of n-octanol and process time. Figure 2 shows the results of X-ray powder diffraction analysis of samples 1-4. The X-ray diffraction pattern of sample 1 obtained using 60 mL of n-octanol when the process lasted 10 h corresponds to the phase of anhydrous CoCO 3 (JCPDS 11-0692). In the case of sample 2, i.e., with a longer process time and a greater volume of the medium, the peaks observed on the Xray diffraction pattern refer to Co 3 O 4 spinel (JCPDS 42-1467); a further increase in time and amount of noctanol (sample 3) results in no changes in the product composition (Table 1) .
Since a large number of amorphous phases are formed that cannot be identified by X-ray powder diffraction, the products were characterized by the XANES spectroscopy. Figure 3 shows the XANES spectra of the CoL 3,2 edge and the OK edge of precursor (α-Со(ОН) 2 @SDS) and products of its solvothermal synthesis (samples 2, 3 and 5) and spectra of samples Со(ОН) 2 , СоО, and Co 3 O 4 reported in [14, 15] .
In the spectrum of Со(ОН) 2 , the main peak has a multiplet structure (maxima at 778.5, 779, and ~780 eV; a shoulder at 777 eV) because of the splitting of the 2p 5 3d 8 state by the crystal field and hybridization with the 2p 5 3d 9 L −1 state (L −1 denotes the electron hole at the oxygen atom of the ligand). The latter was formed via charge transfer, which explains also the presence of the satellite with the energy of 782 eV. The spectra of the precursor, sample 5, and Co(OH) 2 are identical, which confirms the inefficiency of solvothermolysis of cobalt hydroxide unmodified by sodium dodecyl sulfate.
The main absorption maximum in XANES spectra of the CoL 3 edges of samples 2 and 3 ( Fig. 3a) is observed at 780.4 eV with a shoulder at ~778.5 eV, which are also observed in the spectrum of pure Co 3 O 4 [14] . However, the spectrum of sample 2 obtained during 10 h of solvothermolysis is slightly different: it has an additional peak at 777 eV, which is present in the spectra of the precursor and Co(OH) 2 and indicates that the process is incomplete. The OK spectrum of Co 3 O 4 [15] (Fig. 3b) consists of a strong pre-edge peak at 531 eV and two broad absorption maxima in the energy ranges 536-539 and 540-544 eV. These features are observed in the experimental spectrum of sample 3, confirming the formation of cobalt spinel. At the same time, the OK spectrum of sample 2 consists of two pre-edge peaks in the range 530-535 eV, one of which is observed in the spectrum of cobalt spinel and the other in the spectrum of the precursor, which further confirms the incomplete conversion of the sample into Co 3 O 4 . Figure 4 shows the IR spectra of cobalt carbonate hydroxide (State Standard GOST 5407-78) and solvothermolysis products (samples 1, 3) , where there are no absorption bands at 2853-2955 cm -1 , which indicates the complete decomposition of the dodecyl sulfate ions. In general, the analysis of the spectra indicates that these are in agreement with the X-ray powder diffraction and XANES data. The strong absorption bands at 663 and 570 cm -1 in the spectrum of sample 3 (Fig. 4) [16] . However, there is a small absorption band at 3385 cm -1 , which is characteristic of the stretching vibrations of the OH groups in the starting cobalt(II) hydroxide. Probably, this is due to the residual cobalt hydroxide (not more than 1 wt %) appearing in the X-ray powder diffraction pattern as an amorphous part.
The both spectra of sample 1 and cobalt carbonate hydroxide have absorption bands at 850 and 1450 cm -1 corresponding to the stretching vibrations of the ions, but differ by a maximum at 3500 cm -1 related to the stretching vibrations of the OH-groups, i.e. anhy- drous cobalt carbonate is formed during solvothermolysis using 60 mL of n-octanol. Based on the literature data [17, 18] , we can assume that the dehydration of the precursor (cobalt carbonate hydroxide carbonate)occurs because of the interaction of the n-octanol molecules with the OH groups of the precursor. In this case, an alkoxide is formed in the first stage, which is converted to an aldehyde to release a water molecule. Additional studies are required to determine the exact mechanism of this interaction.
In accordance with the results obtained, another product is formed, namely Co 3 O 4 , with increasing the amount of n-octanol and the time of process. We believe that it can be formed from CoCO 3 during its thermal decomposition according to the scheme 6CoCO 3 + O 2 → 2Co 3 O 4 + 6CO 2 . A similar mechanism was proposed in [19] . The solubility of oxygen in n-octanol is relatively high and is 18.4 mL per 100 mL of n-octanol [20] . This assumption is confirmed by the results of scanning (SEM) and transmission (TEM) electron microscopies (Fig. 5) . Samples of CoCO 3 and Co 3 O 4 are similar in morphology and consist of rhombic particles of 250 nm in size, i.e. the matrix of the starting compound remains unchanged under the topochemical decomposition of CoCO 3 . It can be assumed that they consist of smaller crystallites, which can be detected by TEM (Figs. 5b, 5d ). It should be noted that the particles obtained are homogeneous both in morphology and size.
Thus, the solvothermal decomposition of a hybrid material of α-Со(ОН) 2 @SDS has been studied in n-octanol at 190°C at the atmospheric pressure. It has been found that the process proceeds in two stages, the first of which results in formation anhydrous CoCO 3 , which is further subjected to the topochemical decomposition to Co 3 O 4 .
